Aims: Macrophages are of key importance for tissue repair after myocardial infarction (MI).
Introduction
Myocardial infarction (MI) is one of the leading causes of morbidity and mortality globally (5, 36) . Accumulating evidence indicates that inflammatory reactions are essential events for the healing process and scar formation during post-infarction remodeling (21) .
Monocytes/macrophages are primary responders of inflammation and are of central importance for cardiac healing after MI at multiple levels (9) . Macrophages, both in the steady-state and in disease, are derived mainly from monocytes and/or recruited from the bone marrow (27) . During MI, macrophages infiltrate into the necrotic myocardium and this, as a part of a robust inflammatory response, is critical for the conversion of infarcted tissues into granulation tissues and for collagen scarring (40).
Macrophage activation (polarization) results in the generation of classically activated (M1) and alternatively activated (M2) subsets which exhibit distinct cell marker expression and diverse immunological functions (21) . During the early inflammatory stage of MI, M1 macrophages rapidly infiltrate into the injury site and display a strong inflammatory phenotype by secreting large amounts of pro-inflammatory cytokines such as TNF-α, interleukin-1 (IL-1) and IL-6, which play key roles in the phagocytosis of cellular debris. However, if the pro-inflammatory response becomes excessive and goes uncontrolled, such beneficial behaviour becomes unwanted and leads to inhibition of the healing process in which a predominant transition from M1 toward M2 macrophage occurs (45). M2 macrophages are distinguished by the enriched expression of molecules such as IL-10, arginase 1 (Arg-1), and CD206 (35) , leading to a dampened pro-inflammatory and enhanced anti-inflammatory phenotype to counteract excessive inflammation and initiate tissue regeneration (28, 39) . Thus, the prolonged dominance of M1 macrophages may be detrimental and impede the healing of the infarct after MI (37) . In sharp contrast, M2-polarized macrophages have been suggested to mitigate cardiac functional deterioration and improve infarct repair during MI (27) . Therefore, it has been proposed that clinical therapy of MI should include resolution of inflammation to balance the disposition of inflammatory and reparative macrophages (12, 25) .
Hydrogen sulfide (H 2 S) has recently been proposed as a novel endogenous 'gasomediator' endogenously generated during cysteine metabolism, catalysed by cystathionine-β-synthase, cystathionine-γ-lyase (CSE) or 3-mercaptopyruvate sulfur transferase (33) . CSE is thought to be the predominant source of H 2 S in the cardiovascular system (24) . Genetic or pharmacological inhibition of CSE exacerbates myocardial ischemia/reperfusion injury, highlighting the importance of endogenous H 2 S in limiting cardiac injury (2, 29) . Conversely, H 2 S supplementation has been shown to inhibit or reverse cardiac injury of various types, including MI, in which H 2 S reduced infarct size and improved cardiac healing (6, 15, 19, 20, 31, 42, 44, 47) . Several mechanisms have been proposed to explain the cardioprotective function of H 2 S, such as promotion of angiogenesis (19) , protection against oxidative stress (44). However, the precise mechanisms for H 2 S-modulated infarct repair and restoration of cardiac function post-MI are not completely understood. Given the critical role of macrophage polarization in MI, in the present study, we aimed to elucidate the impact of macrophage polarization on the cardioprotective effects of H 2 S after MI and to investigate the mechanisms involved.
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Results

NaHS mitigates cardiac functional deterioration following MI
The CSE null (KO) mice which lacking the H 2 S-producing enzyme cystathionine γ-lyase were evaluated to detect the endogenous CSE level of the heart tissue. As shown by western blot result, the expression of CSE was depleted in KO mice compared to WT mice ( Supplementary Fig. S1 ). In agreement with a recent report (43), H 2 S levels in heart tissue from CSE KO mice were decreased (Fig. 1A) . While, NaHS treatment could significantly increase the H 2 S concentration in the heart tissue of both WT and CSE-KO mice ( Supplementary Fig. S2 ). WT and CSE KO mice in different groups were subject to MI or sham surgery and survival over the following 8 days determined. In the WT-MI group, only 8 of 15 mice (53%) survived up to 8 days post-MI, while in the NaHS (2 mg/kg or 4 mg/kg) groups, 10 and 12 (67%, 80%) mice survived, respectively. In the CSE KO-MI group, 6 out of 15 mice (40%) survived up to 8 days post-MI. Thus, survival rate after MI was lower in CSE KO than in WT mice, thereby suggesting the importance of endogenous H 2 S in protecting against MI ( Fig.   1B and Supplementary Fig. S3A ). Echocardiographic analysis revealed that CSE KO mice exhibited exacerbated pathological remodeling and functional deterioration after MI.
Impressively, NaHS treatment in these animals significantly improved cardiac function in both WT and KO mice (Fig. 1C,D) .
NaHS increases the percentage of anti-inflammatory M2 macrophages in the infarcted heart
after MI M1/M2 polarization during infiltration of macrophages is crucial for healing of the infarcted myocardium (7, 11) . To identify the effect of NaHS on polarization of infiltrating macrophages during cardiac remodeling, CD206, a M2-like macrophage marker (1), was first used to assess the phenotype of macrophages in heart tissues by immunohistochemical analysis. NaHS treatment significantly increased the density of CD206 staining 5 days after MI in both WT and CSE-KO mice ( Fig. 2A) the effect peaking at day 5. The M2/M1 ratio revealed a similar trend (Fig. 2B) . Furthermore, mRNA levels of the anti-inflammatory cytokine IL-10 and CD163 in macrophages extracted from infarcted LVs of KO mice were lower than those in WT mice and were elevated by NaHS treatment (Fig. 2C ). In comparison with WT-MI mice, levels of the three M1 markers were increased in CSE KO animals and this effect was reduced by NaHS (Fig. 2D) . Together, these data indicated that H 2 S directs macrophages conversion towards the M2 phenotype in infarcted hearts shortly after MI. Fig. S4 ).
NaHS induces M2 polarization of monocytes and macrophages
To further confirm the effect of NaHS on M2 polarization, the phenotype of bone Fig. S2B ), but was rescued by NaHS treatment (Fig. 3A ,B). Consistent with flow cytometry analysis, NaHS-treated-BMMs from both WT and KO mice showed a larger increase in M2 markers (Arg1, CD206, Ym1 and Fizz1) compared with NaHS-untreated BMMs (Fig. 3C ).
In contrast, although NaHS had no influence on the number of F4/80 + Ly6C + macrophages, as 
NaHS-treated BMMs ameliorates cardiac functional deterioration following MI
To verify the cardioprotective role of M2-polarized macrophages in vivo, BMMs were treated with NaHS and then transplanted into WT and CSE KO mice in which endogenous macrophages have been depleted by treatment with clodronate liposome (13) . We first verified the purity of BMMs using the macrophage surface marker F4/80, and found that 98.1% of the BMMs isolated from WT mice were F4/80 positive ( Supplementary Fig. S6 ). Intravenous administration of clodronate liposome dramatically decreased CD68 staining confirming that endogenous macrophages had been effectively depleted (Fig. 4A ). We next treated BMMs with NaHS in vitro for 12h, followed by in vivo adoptive transfusion to donor animals and MI.
Remarkably, expression of CD206 was detected in the hearts of both WT and KO mice 3 days after MI (Fig. 4B) . TTC staining was then performed to determinate myocardial infarct size. As shown in Fig. 4C ,D, myocardial infarct size was reduced by NaHS-treated BMMs injection compared with untreated BMMs. Furthermore, echocardiography suggested a positive effect of NaHS-treated BMMs in hampering cardiac functional deterioration (Fig. 4E,F ). Taken together, these results support the long-held assertion that macrophages play a key role in protecting myocardium against ischemia injury, and suggest that H 2 S-induced M2-polarization of macrophages contributes to the cardioprotective effect of H 2 S in MI.
NaHS accelerates fatty acid oxidation and lipolysis in M2 polarization of BMMs
Based on the observed cardioprotective effect of NaHS-induced M2 polarized BMMs in infarcted myocardium of both WT and CSE KO mice, we next focused our attention on the mechanism of action of NaHS in macrophage polarization involved in myocardial preservation.
Previous studies have suggested that M1-polarized macrophages get most of their energy by aerobic glycolysis while mitochondrial oxidative phosphorylation, fueled by fatty acid oxidation (FAO),is a key component of energy usage by M2-polarized macrophages (16) . Therefore, we measured oxygen consumption in BMMs from WT and CSE KO exposed to NaHS for 12 h.
Surprisingly, a significant increase in mitochondrial oxygen-consumption rate (OCR), spare respiratory capacity (SRC) and the ratio of oxidative phosphorylation to aerobic glycolysis (OCR/ECAR) was apparent in NaHS-treated WT BMMs. Moreover, reduced OCR and SRC occurred in BMMs from CSE KO mice c.f. WT BMMs and this deficiency was reversed by H 2 S replacement with NaHS ( Fig. 5A,B ). In contrast, we found no change in BMM aerobic glycolysis, determined as the extracellular acidification rate (ECAR), following NaHS treatment ( Supplementary Fig. S7 ), which is consistent with our earlier observation that NaHS does not affect M1 polarization ( Supplementary Fig. S5A ,B). Considering the close link between FAO and lipolysis of triacylglycerols stored in neutral lipids, we then measured the content of neutral lipids and found that this was also decreased by NaHS treatment (Fig. 5C,D) . Moreover, the expression of Lipa, a lipase which is upregulated in M2 macrophages, was robustly increased in NaHS-treated BMMs (Fig. 5E ), implying that the enhanced lipolysis and FAO may be responsible for NaHS-induced M2 polarization.
Fatty acid oxidation and lipolysis are essential for NaHS-induced M2 polarization
To validate the contribution of FAO and lipolysis to NaHS-induced M2 polarization, etomoxir, an inhibitor of mitochondrial oxygen consumption and tetrahydrolipistatin (orlistat), an inhibitor of lipolysis of triacylglycerols (16), were used. The NaHS-mediated rise in OCR, SRC and ratio of OCR to ECAR in treated BMMs were prevented by each inhibitor (Fig. 5F ,G). Flow cytometry analyses also showed that both etomoxir and orlistat suppressed M2 polarization triggered by NaHS (Fig. 5H,I ). Similarly, the up-regulation of M2 polarization-related genes (Arg1, CD206, Ym1 and Fizz1) was reduced by these inhibitors (Fig. 5J) . Together, these data strongly suggest that mitochondrial FAO and lipolysis are essential for NaHS-induced M2 polarization.
Mitochondrial biogenesis is responsible for NaHS-induced M2 polarization
Mitochondrial biogenesis plays critical roles in energy homeostasis and metabolism (41).
We next explored whether the enhanced FAO and lipolysis in NaHS-induced M2 polarization was due to mitochondrial biogenesis. Cellular mitochondrial mass was measured by staining BMMs with MitoFluor Green NaHS treatment for 12 h. Weak staining was observed in control BMMs not exposed to NaHS whilst NaHS markedly increased mitochondria staining both in WT and in CSE KO BMMs (Fig. 6A ). This result was confirmed by flow cytometry (Fig. 6B,C) .
In addition, expression of genes involved in mitochondrial biogenesis (e.g. nuclear receptor
PPARγ co-activator, PGC1β and PPARγ) were markedly upregulated by NaHS (Fig. 6D) .
Furthermore, translocation of PPARγ from cytoplasm to the nucleus was also observed in NaHS-treated BMMs (Fig. 6E) indicating activation of mitochondrial oxidative phosphorylation.
In addition, the inhibitor of mitochondrial biogenesis, chloramphenicol (CAM), significantly blocked NaHS-induced enhancement of fluorescence intensity (Fig. 6F) . Importantly, pretreatment with CAM inhibited the surge of F4/80 + CD206 + BMMs (Fig. 6G ) and the up-regulation of M2 polarization-related genes induced by NaHS (Fig. 6H) . Collectively, these data demonstrate that mitochondrial biogenesis fueling FAO is a key mediator in NaHS-induced M2 responsible.
Discussion
MI, one of the most lethal events globally, may result in heart failure if it does not end life immediately (27) . Currently, there are no clinically applicable medications for myocardial ischemic injury (5). In the cardiovascular system, H 2 S is formed via the cysteine enzymatic conversion by cystathionine-gamma-lyase (CSE). And, H 2 S has been reported to play a role as a cardioprotectant in MI (4, 33) . In the current study, increased cardiac dysfunction and mortality post-MI was apparent in CSE-KO mice. In contrast, improved cardiac remodeling and function accompanied with decreased mortality was observed in both WT mice and CSE KO-MI mice treated with NaHS, suggesting that strategies to increase cardiac H 2 S bioavailability may represent a novel and efficacious treatment for MI. Additionally, H 2 S ameliorated myocardiac injury by promoting the transition of macrophages towards M2 phenotype, which is involved in the resolution of inflammation.
Inflammatory reactions triggered by myocardial necrosis post-MI clears the wound of dead cells and matrix debris and are believed to be critical for infarct healing, vascularization, and restoring cardiac function (21, 27) . Macrophages are the principle inflammatory cell type involved in the regulation of the healing process and modulate the inflammatory response to MI at multiple levels (18, 21) . Early in MI, Th1 cytokines, C-C chemokines promote classical activation of macrophages, exacerbating the inflammatory response and cardiac dysfunction (45). Subsequently, alternatively activated macrophages accumulate in the damaged tissue and initiate the repair process, since M2 macrophages antagonize pro-inflammatory responses and help to engulf cellular debris (26, 38) . In addition, considerable data demonstrates that switching between subsets of macrophages is important for cardiac healing after MI (3, 46) . In this study, we also show macrophages recruitment to the infarcted myocardium were driven by H 2 S towards the M2 phenotype resulting in increased synthesis of anti-inflammatory cytokines and decreased generation of pro-inflammatory cytokines. These findings suggest a previously undiscovered mechanism underlying H 2 S mediated cardioprotection.
It is well established that optimal healing of the myocardium involves the presence of inflammatory Ly-6C high monocytes/macrophages and later accumulation of reparative Ly-6C low monocytes/macrophages (14) . Generally, monocytes originate from the bone marrow and then enter the blood and rapidly influx into tissue and differentiate to macrophages in injury (14, 27) .
The blood profile data in our current study show that H 2 S significantly increased the levels of mitochondria under some specific stress stimulations, and promote H 2 S production inside to sustain mitochondrial ATP production. Inhibition of CSE activity leads to reduction of mitochondrial ATP production (10) and renders cells more prone to oxidative injury (8).
Moreover, mitochondrial oxidative phosphorylation, as a primary source of ATP production, is indispensable for FAO and lipolysis (16) . Therefore, these observations raise the possibility of a link between mitochondria and FAO during H 2 S-induced M2 polarization.
Mitochondria, as the major site of oxidative energy production, are involved in numerous important intracellular events. Impaired mitochondrial function and biogenesis has been proposed to lead to and/or contribute to the development of numerous disorders (34).
Mitochondrial mass is governed by a host of coordinate nucleus-encoded factors and coactivators during the process of cellular metabolism. For instance, PPARγ, a member of related nuclear receptors super-family, is involved in regulating mitochondrial metabolism and encoding peroxisomal FAO enzymes (23) . PGC-1α, a member of PGC-1 family, was identified as a co-activator of PPARγ and plays a key role for mitochondrial biogenesis, including increasing mitochondrial mass and activating FAO-related genes (34) .Moreover, as another member of PGC-1 family, PGC-1β has been reported to interact with and activate PGC-1α (22) .
Data from our current study in BMMs show a marked increase of mitochondrial mass following polarization-related genes caused by NaHS. Thus, our present data could be concluded that mitochondrial biogenesis induced by NaHS promotes FAO and lipolysis, which further provides energy for M2 polarization in BMMs.
In conclusion, our study demonstrates for the first time that decreased endogenous H 2 
Materials and Methods
Reagents and antibodies
H
Measurement of H 2 S
The H 2 S levels in the heart tissues and bone marrow-derived macrophages from WT mice and KO mice was measured as previously described with minor revision (17) . In brief, 30 µL supernatant of heart tissues or BMMs were homogenized in ice-cold Tris-HCl (100 mmol/L, pH 8.5), and 70 µL monobromobimane reagent was added, vortexed away from light, and then added 10 µL 20% Formic acid, following by centrifugation at 12,000 g, 4°C for 20 min. The supernatant was used to detect H 2 S concentration by reverse-phase(RP)-HPLC analysis.
Meanwhile, the protein in the supernatant of each group was quantified by BCA reagent. The H 2 S concentrations determined using a curve created with sodium sulfide (0-40 µmol/L) standards were expressed as µmol/L. And the H 2 S concentrations in heart tissues were expressed as µmol/g protein.
MI surgery
The left coronary artery was ligated permanently to induce myocardial ischemia as previously described (6) . Briefly, mice were anesthetized with isoflurane, intubated using a 20-gauge intravenous catheter with a blunt end, and ventilated with a standard rodent ventilator. The animal was turned onto its right side, and the chest hair was removed using hair removal cream. The thoracic cavity was opened in the third intercostal space and a 7-0 prolene suture placed at 1-2 mm distal to left atrium was used for permanent ligation. The chest was closed in layers, and the skin was sterilized with povidone iodine. Infarction was confirmed by observing LV blanching on the electrocardiogram. Thoracotomy was performed on sham-operated animals, and the pericardium only was opened, with no ligation around the left anterior descending artery.
Treatment protocols
The WT and CSE KO mice were randomly assigned into four treatment groups respectively:
sham vehicle (saline) (n = 15), MI treated with vehicle (n = 15), MI treated with NaHS (2 mg/kg/day) diluted in saline (n = 15), and MI treated with NaHS (4 mg/kg/day) (n = 15). NaHS (2 mg/kg, 4 mg/kg) were administered intraperitoneally for 7 days before and for 3, 5, 8 days after MI. During the treatment period, the dosage of NaHS was adjusted according to the body weight. The death of animals was recorded every day.
For the transplantation of BMM-derived macrophages, WT and CSE KO mice were firstly depleted macrophages by administration of clodronate (CL 2 MDP) liposomes, both groups were then randomly assigned into two treatment groups, injected intravenously with non-treated BMMs (n = 12) or NaHS-treated BMMs (n = 12), respectively. In addition, PBS liposomes were also administrated for both groups as a negative control. Infarct size and echocardiography were measured at day3 and day 5 respectively as described below.
Echocardiography
Mice in each group were anesthetized with 1-2% isoflurane in a 100% oxygen mix and placed on a heating pad. Transthoracic echocardiography was dynamically evaluated using Vevo770 (Visual Sonics Inc., Toronto, Canada) with a 716 probe. All images were acquired at heart rates > 400 bpm to achieve physiologically relevant measurements. 
Infarct size measurement
Myocardial infarct size was determined by staining with 1% Triphenyltetrazolium chloride (TTC). In short, murine hearts in each group were rapidly excised three days after the MI surgery, and serially sliced into five equally thick sections, these sections were subsequently incubated in PBS containing TTC for 15 min at 37°C, and then digitally photographed.
Infarction size was calculated as a ratio of the infarct area and the left ventricle, and images assessed by Image J software (NIH, Boston, USA).
Immunohistochemistry
The hearts from sacrificed animals were excised immediately, and then fixed in 4%
paraformaldehyde. Each heart was embedded in paraffin, sectioned at 5 µm.
Immunohistochemical staining was performed with an EnVision Kit (Dako, Carpinteria, CA, USA). Specific antibodies were used to selectively detect different subsets of macrophages.
No primary and IgG-matched isotype antibodies were used as negative controls.
Macrophage isolation from heart tissues
Macrophages in LV infarct area were isolated as previously described (45). Briefly, LV tissue from WT (n = 8) and KO (n = 8) was minced and dissociated into single cell suspension using collagen IV. Cells were washed and re-suspended, and then adjusted to a proper concentration for incubating with CD11b + microbeads. The positive cells were isolated for
Real-time PCR using magnetic MS columns according to the manufacturer's specifications.
For flow cytometry analysis, the isolated macrophages were further incubated indicated antibodies at 4 °C for 45 min.
Preparation of macrophages from bone marrow
Bone marrow-derived macrophages (BMMs) was isolated from femurs and tibias of 10-to12-week-old WT and CSE KO mice, and then cultured in RPMI 1640 medium supplemented with 10% FBS, 1% penicillin/streptomycin for overnight. Non-adherent cells were collected and plated in the medium containing 10 ng/ml recombinant murine M-CSF.
After differentiation for 7 days, cells were either untreated or incubated with NaHS for different time points and pharmacological inhibitors were also applied to the BMMs.
Real-time PCR
Total RNA was extracted from the isolated LV infarct macrophages or BMMs of each group using TRIzol (Takara, Dalian, China), and cDNA was synthesized using the RevertAid TM First
Strand cDNA Synthesis Kit #1622 (Fermentas, Vilnius, Lithuania). To further determine the LV macrophage phenotype, M1 markers (IL-1β, TNF-α, IL-6,CCR2, IL12β, CCL3) and M2 markers (IL-10, CD163, Arg1, CD206, Ym1, Fizz1), as well as genes involved energy metabolism(PGC1β, PPARγ and Lipa), were evaluated by quantitative real-time PCR using SYBR Green I (Takara). The primer sequences of the genes were listed in Table 1 or described previously (45).
Flow cytometry
To assess macrophage subsets and the effects of NaHS on macrophage polarization, CD11b + macrophages from infarct LV were isolated respectively as previously described (22) .
Flow cytometric identification was executed using combinations of the following mAbs:
F4/80-PE, CD206-APC and CD11c-FITC; F4/80-PE, CD206-APC and Ly6C-FITC, The subsets of monocytes in blood were identified by labeling with Ly6C-FITC and CX3CR1-PE. In addition, the quantity of neutral lipids and mitochondrial biogenesis were also detected by staining with BODIPY and MitoFluor Green, respectively. Flow cytometry analysis was performed on a FACSCalibur instrument (BD Biosciences) equipped with Cell Quest software.
Immunofluorescence and confocal microscopy
BMMs from WT or KO mice plated onto glass covers lips were treated with NaHS for 12 h.
The cells were incubated with MitoFluor Green for mitochondrial staining and DAPI (blue) for nucleus staining. Confocal laser scanning was carried out by Zeiss710 confocal imaging system, and five different areas of each section were observed.
Cytoplasmic and Nuclear protein isolation
Cytoplasmic and nuclear proteins were extracted using a ProteoJET cytoplasmic and nuclear protein Extraction Kit (Fermentas) following the manufacturer's instructions. Protein concentration was quantified using a BCA protein assay kit (Beyotime).
Western blot
Equal amounts of proteins were separated on SDS-PAGE and transferred to nitrocellulose membranes, followed by incubation with appropriate primary and secondary antibodies. Blots were developed by Immobilon TM western Chemiluminescent HRP Substrate (Millipore).
Cellular bioenergetics assays
The metabolism assays were conducted as previously described with modifications (45).
BMMs form WT and CSE KO mice were treated with NaHS (50 µM) with or without orlistat for 12h. After that time, etomoxir was added into the NaHS-treated group 15 minutes prior to analysis. Oligomycin (2 µg/ml) and FCCP (50 nM) were then applied to each group sequentially according the time point during the assay. The mitochondrial oxygen-consumption rate (OCR), spare respiratory capacity (SRC) and extracellular acidification rate (ECAR) were analyzed in real time using an XF-96 Extracellular Flux Analyzer (Seahorse Bioscience). OCR and ECAR rates were normalized to cellular protein content.
Statistical analyses
All data are expressed as mean ± SEM. All calculations were performed with the GraphPad Prism version 5.0. Differences between groups were analyzed using Student's t-test when only two groups were compared, or assessed by one-way analysis of variance with Tukey's post-hoc test when more than two groups were compared. Kaplan-Meier survival curves were compared by use of a log-rank test. A value of P < 0.05 was considered statistically significant. 
